We examined the effects of dynamic feeding low-and high-methionine diets on the transcriptional level of glucose and lipid metabolism-related genes in the liver of laying hens. A total of 180 laying hens (Brown Hy-line, 41 wk old) were exposed to 16 h of light and 8 h of darkness with lights on at 06:00 h local time (Zeitgeber time [ZT] 0) and allocated into 3 equal groups with 6 replicates. The control group was fed a 0.30% methionine diet. The low-high (LH) group was fed 0.27% methionine diet at ZT1.5 and 0.33% methionine diet at ZT8.5. The feeding regime in high-low (HL) group was opposite to that of the LH group. After 10 wk, a total of 108 hens (6 hens/group/time point) were randomly and equally selected for further analysis. Blood and liver tissues were collected at ZT21.5, ZT1.5, ZT5.5, ZT9.5, ZT13.5, and ZT17.5. The results showed that the serum ALP activity in the HL group was the highest at ZT9.5 and ZT13.5, and that the serum glucose content in the HL group was lowest at ZT21.5 compared to the other 2 groups (P < 0.05). The mesors, amplitudes, and acrophases of the cosine curves for the CLOCK, BMAL1, CRY1, PER2, and PER3 genes were altered in the LH and HL groups. G6PC3, PCK2, GPAT, INSIG2, FASN, ACACA, ACOX1, HMGCR, LDLR, and PPARA expression in the liver were affected by the feeding regime at some time point (P < 0.05). Two-way analysis of variance comparisons showed some significant effects of time on the mRNA expression of G6PC3, G6PC2, PCK2, FBP1, FBP2, GCK, GYS2, FASN, GPAT, HMGCR, LDLR, ACC, SREBP2, and INSIG1 (P < 0.05). Moreover, different feeding regimes significantly affected the expression of FASN, GPAT, HMGCR, LDLR, ACACA, SREBP1, and INSIG1 (P < 0.05). In conclusion, dynamical feeding low-and highmethionine diets affected the variation of serum ALP and glucose levels, as well as the mRNA expression of circadian clock-and glucose and lipid metabolismrelated genes in the liver of laying hens.
INTRODUCTION
Methionine (Met) is closely related to lipid metabolism, including de novo lipogenesis, steatolysis, and fatty acid oxidation (Fouad et al., 2016; Zhou et al., 2016) . Both Met deficiency and supplementation affect hepatic lipid catabolism and lipid accumulation (Kikusato et al., 2015; Jariyahatthakij et al., 2018; Peng et al., 2018) . During the laying cycle, a rhythmic process in hens, hydrophobic lipids (triacylglycerols, cholesteryl C 2019 Poultry Science Association Inc. Received May 15, 2018. Accepted December 18, 2018. 1 Corresponding author: wuxin@isa.ac.cn esters, and free fatty acids) are synthesized and assembled to form egg yolk precursors including very lowdensity lipoprotein and vitellogenin particles (Silver, 1986; Li et al., 2015) . As the major site of carbohydrate and lipid biosynthesis, the liver plays a central role in the regulation of systemic glucose (GLU) and lipid fluxes throughout the day (Jones, 2016) . Many studies have shown the existence of circadian rhythms with GLU and lipid metabolism in the liver and that these processes are regulated by the circadian clock (EckelMahan et al., 2012; Kalsbeek et al., 2014; Kumar Jha et al., 2015; Gooley, 2016) . For example, GLU enters hepatocytes through the BMAL1-regulated GLU transporter GLUT2, PER2 gene controls lipid metabolism 2231 by direct regulation of PPARγ (Lamia et al., 2008; Grimaldi et al., 2010) . Therefore, disruption of the core molecular clock can lead to energy imbalance and lipid dysregulation (Gooley, 2016) .
The circadian clock influences nearly all aspects of physiology and behavior, including sleep-wake cycles, the endocrine system, and hepatic metabolism. At the same time, what we eat, when we eat, and how much we eat also help to determine the physiological response to nutrient availability, such that both the circadian clocks and feeding time can both dictate the phase and level of hepatic triglyceride accumulation (Adamovich et al., 2014; Panda, 2016) . Previous studies have reported that feeding regime can alter the gene expression of circadian clock-related genes in the jejunum and kidney of laying hens (Yi-lin et al., 2017; Lin et al., 2018) . Moreover, our pervious results showed that dynamic feeding of low-and high-Met diets altered the circadian variation of serum total cholesterol and triglycerides levels, as well as the yolk ratio in the eggs . We inferred that dynamic feeding low-and highMet diets may affect energy metabolism not only directly, but also through the circadian clock. Therefore, in the present study we analyzed the serum biochemistry, mRNA expression of circadian clock-and GLU and lipid metabolism-related genes in the liver of laying hens to determine the effect of dynamic feeding low-and high-Met diets on circadian clock and energy metabolism.
MATERIALS AND METHODS

Ethics Statement
Animal experiments were approved by the Animal Care Committee of the Institute of Subtropical Agriculture, Chinese Academy of Sciences, and all experiments were performed in accordance with the regulations and guidelines established by this committee.
Animals and Experimental Diets
Hens were exposed to 16 h of light and 8 h of darkness with lights on at 06:00 h local time. Zeitgeber time 0 (ZT0) is defined as the time of lights on. A total of 180 Brown Hy-lines laying hens aged at 41 wk were equally assigned to 3 treatments . The treatments were as follows: control (CON) group, hens fed middle (0.30%) Met diet at both ZT1.5 and ZT8.5; low-high (LH) group, hens fed low (0.27%) Met diet at ZT1.5 and high (0.33%) Met diet at ZT8.5; high-low (HL) group, hens fed high Met diet at ZT1.5 and low Met diet at ZT8.5. At the end, blood and liver samples were collected. After feeding for 10 wk, 6 hens in each group at each time point were equally selected and decapitated starting at ZT23.5 with 4-h intervals in a daily cycle for further analysis.
Serum Biochemical Analysis
The concentrations of serum alkaline phosphatase (ALP), lactate dehydrogenase (LDH), aspartate aminotransferase, and GLU were determined by an Automated Biochemistry Analyzer (Synchron CX Pro, Beckman Coulter, Fullerton, CA) according to the commercial kits (Beijing Chemlin Biotech Co., Ltd, Beijing, China) and manufacturer's instructions.
RNA Extraction, Reverse Transcription and Real-time PCR Analysis
Total RNA was extracted from liver tissue using Trizol reagent (Beyotime Biotechnology, Shanghai, China). The RNA purity and concentration of samples were determined by NanoDrop spectrophotometer (Thermo fisher scientific, New York, USA). The total RNA were reverse transcribed into cDNA using reverse transcription kit (Takara Biomedical Technology, Japan). All primers were designed by using Primer-BLAST available on the National Center for Biotechnology Information website (Table 1) . Quantitative real-time PCR was performed with SYBR Green I Dye (Thermo fisher scientific, New York, USA) using the lightcycler 480II real-time PCR system (Roche, Basel, Switzerland) according to instructions of the manufacturer. The PCR cycling conditions were as follows: 95
• C for 5 min, 98
• C for 2 min, followed by 40 cycles of 5 s at 98
• C, 5 s at 60 • C, 10 s at 95
• C, and a final step of 1 s at 65
• C. Gene expression was analyzed using the relative PCR amplification analysis method (2 −ΔΔCT ). Changes in gene expression were referenced to the level of expression at ZT1.5 in the CON group.
Statistical Analysis
The data presented as mean ± standard error (n = 6 per time point). For comparing the effects of both time and group on serum biochemical and gene expression, a 2-way analysis of variance (ANOVA) was carried out (SPSS, 17.0). At the same time point, the differences between treatments were further analyzed by 1-way ANOVA using Duncan's multiple range test (SPSS, 17.0). Moreover, the expression profiles of clock-related genes were fitted with single cosine curves (Nelson et al., 1979) , defined by the equation Y = mesor + amplitude × cos [ 2 × π × (X -acrophase)/wavelength], with a constant wavelength of 24 h. Rhythms were considered to be present when the 1-way ANOVA revealed a significant effect of time, and the cosine curve was fitted with R 2 > 0.25 . 
RESULTS
Effects of Dynamic Feeding Low-and High-Met Diets on Serum Biochemistry of Laying Hens
The wave of serum ALP and GLU was significantly affected by dynamic feeding Met throughout the day. Two-way ANOVA comparisons revealed significant effects of time on the 24-h profiles of serum ALP, LDH, and GLU (P = 0.020, P < 0.001, and P < 0.001, respectively), and significant effects of group on the 24-h profile of ALP (P = 0.001). Moreover, the activity of ALP at ZT9.5 and ZT13.5 was significantly higher in the HL group than in the LH and CON groups (P < 0.05). In contrast, serum ALP activity at ZT13.5 was significantly lower in the LH group than in the CON group (P < 0.05) ( Figure 1A ). Serum GLU levels at ZT21.5 were significantly lower in the HL group than in the other 2 groups (P < 0.05) ( Figure 1D ). Effects of dynamic feeding low-and high-methionine diets on serum biochemistry in laying hens. Asterisks ( * ), number signs (#), and circumflex accents (∧) denote statistically significant differences (P < 0.05) between the LH and CON, HL and CON, and LH and HL groups, respectively. ALP, alkaline phosphatase; AST, aspartate transaminase; GLU, glucose; HL, high-low; LDH, lactate dehydrogenase; LH, low-high; Met, methionine.
Effect of Dynamic Feeding Low-and High-Met Diets on the Expression of Circadian Clock Genes in Liver of Laying Hens
The 24-h profiles of CLOCK, BMAL1, CRY1, CRY2, PER2, and PER3 expression are depicted in Figure 2 . One-way ANOVA of 6 time points for each group revealed a significant effect of time on the expression of circadian clock-related genes (P < 0.05), except CRY2 gene in the CON group (P = 0.730) and CLOCK and CRY2 genes in the HL group (P = 0.537 and P = 0.165, respectively). The R 2 values of the rhythms in the expression of the CLOCK, BMAL1, CRY1, and CRY2 genes were lower in the HL group than in the LH and CON groups. However, the R 2 values of the rhythms in the expression of the PER2 and PER3 genes were higher in the HL than in the other 2 groups ( Table 2) . The mesors and amplitudes of the cosine curves for the CLOCK and PER3 genes were lower in the LH group than in the CON group, while the mesors and amplitudes of the cosine curves for BMAL1, CRY1, and PER2 genes were higher in the LH group than in the CON group. Furthermore, the mesors and amplitudes of the cosine curves for the BMAL1 and PER3 genes exhibited opposite trends in the LH group than in the HL group. The acrophases of the cosine curves for the BMAL1 and PER2 genes also exhibited opposite trends in the LH and HL groups than in the CON group (Figure 3) . However, the mesor and amplitude of the cosine curve for the PER2 gene, as well as the acrophase of the cosine curve for the PER3 gene, exhibited the same trends in the LH and HL groups as in the CON group.
Effects of Dynamic Feeding Low-and High-Met Diets on the Expression of GLU Metabolism-related Genes in Liver of Laying Hens
Two-way ANOVA comparisons of GLU metabolismrelated genes in the liver of laying hens revealed significant effects of time on the 24-h profiles of G6PC3, G6PC2, PCK2, FBP1, FBP2, GCK, and GYS2 mRNA levels (P < 0.001, P = 0.003, P = 0.003, P = 0.010, P = 0.001, P = 0.002, and P = 0.006, respectively). Further comparison of 1-way ANOVA showed that the expression of G6PC3 genes in the liver at ZT13.5 was significantly lower in the HL group than in the CON groups (P < 0.05) (Figure 4a ). In addition, the expression of PCK2 genes in the liver at ZT9.5 was significantly higher in the LH group than in the control groups (P < 0.05) (Figure 4d) . 
Effects of Dynamic Feeding Low-and High-Met Diets on the Expression of Lipid Metabolism-related Genes in the Liver of Laying Hens
Two-way ANOVA comparisons showed significant effects of time on the 24-h profiles of the FASN, GPAT, HMGCR, LDLR, ACACA, SREBP2, and IN-SIG1 mRNA levels (P = 0.005, P = 0.013, P < 0.001, P < 0.001, P = 0.007, P = 0.018, and P < 0.001, respectively). Feeding regime also had significant effects on the expression of the FASN, GPAT, HMGCR, LDLR, ACACA, SREBP1, and INSIG1 (P = 0.006, P = 0.031, P = 0.009, P = 0.003, P = 0.022, P = 0.014, and P = 0.010, respectively). Furthermore, the specific effects of feeding regime on the expression of the lipid metabolism-related genes including FASN, GAPT, HMGCR, LDLR, ACOX1, ACACA, INSIG1, and PPARA genes at the same time points in the liver of laying hens were showed in Figure 5 , which were figured out by using 1-way ANOVA comparison (P < 0.05).
DISCUSSION
Liver and bone are the primary sources of serum ALP, so the elevation in serum of ALP may correlate with the presence of liver, bone, and other diseases (Krishnamurthy et al., 2011; Sharma et al., 2014) . Moreover, serum ALP levels may increase after the ingestion of a fatty meal (Pratt and Kaplan, 2000) . Overactivity of ALP is linked to the development of obesity (Khan et al., 2015) . In this experiment, serum GLU content in the HL group hens reduced at ZT21.5, while the serum ALP activity increased at ZT9.5, ZT13.5, and ZT17.5. Combined with the changes in serum total cholesterol and triglycerides levels observed in our previous study, these findings suggest that the hens in the HL group have aberrant GLU and lipid metabolism.
It has been reported that the expression of the BMAL1, CLOCK, PER1, and CRY2 genes have circadian rhythms in the liver of hens . The expression of the BMAL1 and PER2 genes varied significantly over a 24-h period, peaking at ZT12-18 and ZT0/24 in the liver of hens (Tischkau et al., 2011) . Consistently, our study showed that circadian clock-related genes, including CLOCK, BMAL1, CRY1, PER2, and PER3, exhibited strong time dependence in CON group. Eating at an adverse circadian time not only contributes to dysregulated metabolism, but also altered circadian clock outputs and metabolic rhythms in peripheral tissues (Gooley, 2016) . Consequently, disrupted circadian clock function may lead to manifestations of the metabolic syndrome (Staels, 2006) . In the present study, feeding laying hens different Met levels of Met throughout the day had a significant effect on the circadian rhythm characteristics (mesor, amplitude, and acrophase) of circadian clock-related genes in the liver. It has been suggested that the metabolic process controlled by circadian clock may change accordingly. The core molecular clock of BMAL1 and CLOCK genes exert considerable CON over recovery from insulininduced hypoglycaemia (Rudic et al., 2004) . In the present study, the absence of CLOCK rhythms and reduced rhythmicity of the BMAL1 gene may contribute to the lowest serum GLU levels at ZT21.5 in the HL group. It has been reported that the disruption of CLOCK and PER2 expression can alter the expression of several lipid metabolism-related genes in mice, resulting in an imbalance in the accumulation of lipid metabolites in the liver (Grimaldi et al., 2010; Eckel-Mahan et al., 2012) . In the present study, 7 lipid metabolism-related genes were expressed rhythmically and influenced by the feeding regime. A previous study also reported that the expression of liver gene (circadian clock-related and hepatic-specific genes) followed a circadian periodicity, with oscillations strongly relying on food for tuning (Stephan and Zucker, 1972) .
The circadian clock regulates metabolic pathways by rhythmically activating or suppressing circadian clockcontrolled genes (e.g., in the rate-limiting steps in metabolic pathways) (Panda et al., 2002) . The circadian clock regulates hepatic glycogen synthesis through the rate-limiting enzyme GYS2 (Doi et al., 2010) . In the present study, we found that the expression of the GYS2 gene was lowest between ZT5.5 and ZT17.5 in the HL group. The expression of the FBP1and FBP2 genes encoding regulatory enzymes in gluconeogenesis was also lowest during the afternoon and evening in the HL group. Members of the PPAR family are diurnally regulated in the liver. This includes PPARA, which promotes hepatic fatty acid oxidation and ketogenesis when fasting (Yang et al., 2006) . In the present study, there were also significant differences in the expression of the PPARA gene between the LH and HL groups at ZT1.5, ZT5.5, and ZT13.5. This suggests that the energy metabolic status of the body was altered by the HL feeding regime.
Cholesterol and fatty acid biosynthetic gene expression is regulated by the SREBP family of transcription factors (Jeon and Osborne, 2012; Wang et al., 2015) . In the present study, the mRNA expression of SREBP1 and SREPBP2 in the HL group was lowest during the day, except SZT1.5. This demonstrated the low biosynthetic rate of cholesterol and fatty acids in the HL group. Correspondingly, the FASN and ACC (the key enzymes of de novo fatty acid synthesis), GAPT (the enzyme responsible for the first step of triacylglycerol and phospholipid biosynthesis), HMGCoA (the key enzyme of de novo cholesterol synthesis), ACOX1 (the first and rate-limiting enzyme in fatty acid β-oxidation), and LDLR (a cell membrane glycoprotein required for the binding and internalizing of circulating cholesterol-containing lipoprotein particles) genes have altered the circadian rhythm according to feeding regime (Linden et al., 2006; Vluggens et al., 2010; Go and Mani, 2012; Singh et al., 2015) . Their expression in the LH group was almost always higher than in the HL group. INSIG1 and INSIG2 function as the feedback regulators of cholesterol synthesis by directly binding to HMGCR, which triggers sterol-accelerated ubiquitination and degradation of HMGCR (Yang et al., 2002) . The lower mRNA expression levels of INSIG1 and IN-SIG2 gene in the HL group compared to the LH group also support this hypothesis.
The detailed mechanisms underlying dynamically feeding low-and high-Met diet-mediated changes in the circadian clock require further investigation. However, an association between Met and DNA methylation has been reported (Waterland, 2006; Joska et al., 2014; Yang et al., 2018) . Furthermore, it has been reported that 24-h rhythms of DNA methylation exist in the human brain, which play a role in driving 24-h rhythms of RNA expression (Lim et al., 2014) . This suggests that alterations in signaling pathway from Met to methylation, coupled with reversible DNA and RNA modifications, may affect gene expression and cell fate decisions by modulating multiple cellular pathways including energy and nutrient availability in mammals (Jia et al., 2013; Mattocks et al., 2016) .
CONCLUSIONS
Dietary intake of different levels of Met diets throughout the day can alter the mRNA levels of GLU and lipid metabolism-related genes in the liver of laying hens, perhaps through the circadian clock. Changes in the quantities of Met consumed at different times of the day affect the metabolism of laying hens. Consequently, it would be better to supply Met to the hens at the appropriate time.
